Pit lakes can be used for recreation when water quality is suitable. However, when lake levels are too low, pit lakes may pose access and slope instability risks to recreational users. An essential tool to assist in managing these risks is a good understanding of the lake water balance.
Introduction

Pit lakes
Open cut mining has become a widespread practice in modern mining operations. Pit lakes can form when open cut mining dewatering operations are discontinued or abandoned, and groundwater water levels recover (Castro & Moore 2000) . Early research was driven by the need for closed open cut mines to comply with regulatory mine closure water quality guidelines (Castendyk et al. 2015) . As pit lakes are permanent landscape features, it is important to assess potential risks long after mine closure (McCullough & Lund 2006) . Commander et al. (1994) grouped pit lakes into three broad categories regarding their local hydrogeological interaction:
2. Groundwater through-flow: the lake acts as a flow-through system with the rate of groundwater inflow exceeding the rate of evaporation and some increase in salinity as water moves from entry to exit.
3. Groundwater recharge: the rate of groundwater inflow exceeds evaporation, with the water levels rapidly recovering to pre-mining levels (high rainfall environments).
Recreational use
Pit lakes are used for recreation globally. In recent years, open cut mines have deliberately rehabilitated pit lakes for recreation, e.g. Schultze et al. (2013) . Despite this, recreation and tourism are believed to have the highest social risk compared to other pit lake end uses due to increased human traffic (Hinwood et al. 2012; McCullough et al. 2018 ). Water quality is usually a concern for recreational use of pit lakes whereas the lake's physical characteristics (i.e. water level or slope) and its impacts to health and safety are often disregarded. When lake water levels become too low, boating, water skiing, and swimming become a risk. Limited research has been undertaken on the recreational use of lakes and no prior studies have focused on a water balance to determine the suitability of water levels for recreation. This is because pit lakes reviews are often carried out on a case-to-case basis by consultancies for environmental or economic requirements. With pit lakes being utilised more frequently by the public for recreation, there is a growing need to understand a pit lakes water balance and groundwater-lake interactions.
Pit lake modelling
Water balances can provide an improved understanding of factors that control a pit lake's water level and a means of forecasting future system behaviour. A common approach to understand a pit lake's water balance is with a pit lake model that considers the inputs and outputs of a lake system ( Figure 1 ). Once validated, these models can assist with lake management decisions to decide acceptable post-closure uses and minimise the associated potential liabilities (Castendyk et al. 2015) . Water balance models for pit lakes can be solved with analytical and numerical approaches. Such models often aim to estimate the time in which a pit will fill to a steady state level or to estimate the volume of specific lake inputs and outputs for further pit lake hydrodynamic and geochemical modelling (Castendyk et al. 2015) .
Figure 1 Cross-sectional view of volumetric water balance components for open water systems (after Council 1997). P=precipitation; ET=evaporation; SWIN=surface water inflow; SWOUT=surface water outflow; GWIN=groundwater discharge; GWOUT=groundwater recharge; ΔS=change in storage
Dynamic probabilistic models are effective at predicting lake data temporally when system inputs and outputs are known in significant detail (Balistrieri et al. 2006 ), but they are limited in their accuracy when the groundwater component is not well understood or well quantified. In regions where groundwater is thought to be the main source of pit lake recharge or discharge, estimating a reasonable groundwater inflow value is critical for a representative water balance (Hanna et al. 1994; Niccoli 2009; McCullough et al. 2013) .
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Groundwater inflow is often overlooked or estimated in-pit lake water balances, resulting in significant uncertainties in model predictions.
Incorporating lakes in groundwater models is a sophisticated approach used to investigate regional groundwater-lake interactions. Notably, the accuracy of these models has improved with advancement of modelling tools and increased processing power (Hunt et al. 2003) . Early simulations employed fixed constant head boundaries for lakes (Hunt et al. 1998) , although this approach is limited as it cannot simulate lake stage fluctuations. Another approach is to represent lakes as high conductivity features (Lee 1996; Anderson et al. 2002) . However, this method does not account for other surface water flows. Lake packages for groundwater modelling software MODFLOW have been developed to solve for the lake stage and calculate a lake budget based on the lake stage (Merrit & Konikow 2000) . These packages allow for groundwater flow to be integrated with the lake water balance components and eliminate the additional effort of setting up two separate models for groundwater and pit lake modelling. (Stedman 1988) . The pit water level has since recovered, creating a lake that is primarily used for boating and water skiing by locals (Hinwood et al. 2012; Lund et al. 2012 ). Lake Stockton is currently managed by the Western Australian Department of Biodiversity, Conservation and Attractions' Parks and Wildlife Service. Other mining activities and subsequent discharge to Lake Stockton commenced in 1996 with development of the Ewington II mine. Circumneutral water from Ewington mine dewatering operations (northeast of Lake Stockton) enters Lake Stockton from the east via Ewington Creek. Cessation of discharge from excess water from dewatering at Ewington mining operations are expected to result in lower water levels such that the lake is not suitable for safe recreational activities. Measured lake levels provided by Griffin Coal have declined in recent years from an already reducing rate of discharge, necessitating warning signage to advise visitors of exposed steep banks ( Figure 3 ). Multiple geochemical studies have been undertaken on Lake Stockton (Lund et al. 2000; McCullough et al. 2009; Müller et al. 2010; Lund et al. 2012 ). The only water balance work previously undertaken was by Müller et al. (2010) to determine what effects the proposed regional groundwater abstraction regime would have on pit lake water levels. Using a previously constructed regional FEFLOW model, an inflow rate of 0.0012 m 3 /s (0.1 ML/d) was estimated into Lake Stockton using a constant head condition to represent the average lake level. Model results could be improved by incorporating new lake boundary conditions in the groundwater model with a coupled lake-groundwater model.
Study site
Hydrogeological setting
The Stockton mine produced coal from the Muja Formation of the Collie Basin; a remnant of Permian age sedimentary rocks set in Archean metamorphic basement rocks of low permeability. The Collie Basin comprises two lobe shaped sub-basins; the Premier sub-basin to the east and Cardiff sub-basin to the west (Moncrieff 1993) . Stockton Ridge -a fault-controlled basement high divides the sub-basins (Wilson 1990 ). The Stockton Ridge influences groundwater flow to Lake Stockton (Zhang et al. 2007 ), although the northern extent of this basement ridge is unknown.
The Collie Basin is a complex, anisotropic, multi-layered aquifer system with seven distinct regional aquifers (Moncrieff 1993) . With the exception of the Nakina Formation and surficial sediments, the geological units form individual sandstone aquifers separated by extensive coal seams or thick siltstone layers that act as aquitards, although hydraulic connection could occur between them along faults (Hammond & Boyd 1988) .
With the exception of superficial sediments, the upper two formations (the Nakina aquifer and Muja aquifer) form individual sandstone aquifers that intercept Lake Stockton. The regional groundwater flow system is unconfined near the surface and confined at depth by coal seams, with the Nakina aquifer in direct hydraulic connection with the underlying Muja aquifer.
Methodology
Model design 2.1.1 Modelling approach
A regional groundwater model was developed in MODFLOW with Groundwater Vistas (Environmental Simulations Incorporated 2000) to simulate three-dimensional steady state flow conditions between groundwater and Lake Stockton. The objective of the model was to simulate changes in groundwater fluxes as the dewatering discharge from Ewington ceases, to allow the water balance changes to estimate lake level changes. Once the regional groundwater flow was set up and calibrated, a water balance was undertaken to predict the future water level of Lake Stockton with the cessation of operational discharge. In order to
Water management capture more of the complexity of the Collie Basin hydrogeology and groundwater-surface water interaction than is possible in a simplistic analytical model, a numerical model was used. However, the configuration of the numerical model was kept simple to be consistent with the limited data available for calibration and verification. MODFLOW was chosen as the preferred modelling package as it was suitable for purpose and for the application of the lake package (LAK3). The LAK3 package by Merrit & Konikow (2000) was used within MODFLOW to simulate groundwater-lake interactions of Lake Stockton. The package allowed for the inclusion of surface water flows, simulating both steady state and transient problems, and was able to calculate changes in lake level by performing a water balance calculation at each time step (Hunt et al. 2003 ).
Model area, grid and layers
The model covers an area of 47.5 km 2 , extending approximately 9 km in the regional flow direction (southwest to northeast direction). It is centered on Lake Stockton and has a regional grid cell size of 100 x 100 m with Lake Stockton refined to a cell size of 25 x 25 m. The model extent was selected as a reasonable spatial distance to avoid boundary conditions influencing model results and to incorporate the total area that could contribute to groundwater inflow into the lake.
Constant head boundaries were placed along groundwater contours (southern constant head boundary) or were based on hydraulic heads in nearby monitoring wells (northern constant head boundary). No-flow boundaries were placed perpendicular to the regional groundwater flow of the basin ( Figure 5 ). The deeper aquifers were assumed to not have any bearing on the Stockton water balance and have been excluded from the model. Current mine dewatering at Ewington operations were assumed to have limited influence on the current potentiometric surface based on the distance from Lake Stockton. The top surface of the model was defined by site topographic contours (5 m contour spacing) and the model base was set to 0 m AHD (approximately 200 m below the elevation of Lake Stockton). To numerically represent the stratigraphy, the model was divided into three vertical layers based on the stratigraphic units presented in Le Blanc Smith (1993) . The Nakina and Muja aquifers were represented by one and two horizontal layers, respectively. The topographic elevation (sourced from Landgate) was used for the top of the Nakina aquifer layer. The upper layer of the Muja aquifer was used to represent the higher conductivity assumed to be caused by the presence of extensive underground workings.
Hydraulic properties
Numerical layers and post-calibrated hydraulic parameters used in the model are outlined in Table 2 . Model parameters were initially selected from Varma (2002) who conducted widespread hydraulic testing in the basin, and then were varied by a minor degree from the initial values during the calibration process. To successfully calibrate the model, a zone of lower hydraulic conductivity (0.20 m/d) was later added to the right of Lake Stockton in Layer 1 to account for the steeper gradient regarded as caused by the presence of the low conductivity Stockton Ridge. Luke et al. (1987) who derived annual dam pan evaporation coefficients for dams in Western Australia. This approach was proven successful for small storages (less than 4 m) and not necessarily for larger pit lakes, although, it is assumed to be a reasonable estimation of lake evaporation for this study. Monthly averages for rainfall and evaporation were used in the transient simulation to simulate seasonal variations.
Lake Stockton
An initial lake stage of 194.4 m AHD was used based on the average lake stage between December 2016 and June 2017 from lake measurements provided by Griffin Coal. The package also incorporates lakebed sediments that may hinder lake-aquifer connectivity, where an assumed thickness of 0.2 m and a conductivity of 0.01 m/d for silty material was assumed (Fetter 1994). Since Lake Stockton has been forming since the 1950s, it is reasonable to assume fine-grained sediments have accumulated at the base of the lake, reducing the lake-aquifer hydraulic connection. A discharge rate of 100 m 3 /d was input into the lake package to simulate current conditions based on the average discharge rate for 2017 from data provided by Griffin Coal. Catchment runoff into the lake was considered negligible for the purposes of this study and has been excluded.
Historical underground mine workings connect to Lake Stockton in the northwest to southeast orientation. The approximate extent of underground workings from Le Blanc Smith (1993) displayed in Figure 6 was used as a guide for the model. The backfilled workings were represented in the model with increased hydraulic conductivity in the upper Muja Formation (Layer 2). As no data is available on the conductivity of these mine Water management shafts and drives, a conservative value of 2.5 m/d was assumed, 0.5 m/d higher than the surrounding Muja aquifer horizontal hydraulic conductivity. A similar approach was undertaken by Zhang et al. (2007) in the regional Collie model to account for the widespread distribution of underground mines in the upper Muja aquifer, although, since their model included multiple underground mines, they placed an overall hydraulic conductivity for the layer instead of a specified zone. 
Model calibration
Calibration of the steady state model was achieved through a trial-and-error process, by the refinement of hydraulic conductivities and recharge rates until the simulated hydraulic heads compared reasonably well with observed groundwater elevations. Calibration targets for the model comprised of average water levels between 2015 and 2017 from five regional monitoring wells within the model boundary ( Figure 5 ) that intercept the unconfined aquifer. Limited calibration targets were available as many monitoring bores in the area intercept the confined system. Calibration focused on creating the best fit with data for monitoring upstream and downstream of Lake Stockton. There is a limited number of shallow monitoring wells in the Collie Basin, with most wells screened into deep, confined aquifers.
Modelled contours deviate from the generated contours generated in the north and east of the model, indicating further calibration targets in these areas would assist in refining model results (Figure 7) . Measured heads plotted against simulated heads has an r 2 of 0.99, a root mean square (RMS) error of 0.51 m and %RMS of 2.2.
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Results
Groundwater fluxes
The system was first simulated under steady state conditions (Figure 8) , with the hydraulic gradient flowing from east to west. Groundwater fluxes into and out of Lake Stockton were estimated with the calibrated, steady state groundwater flow model. The model indicated groundwater inflow and outflow rates of 65 m 3 /day (0.75 L/s) ( Table 3 ). The variation in each layer is likely due to variable hydraulic properties in each layer, with greater inflow into Layer 2 due to the presence of underground mine workings modelled to the east of the lake. The prediction was validated with Darcy's Law, estimating 20 m 3 /d and correlated well with Müller et al. (2010) result of 100 m 3 /d. For current conditions, groundwater accounts for 13% of Lake Stockton inputs and outputs. Incident rainfall and evaporation account for the largest input (68%) and output (87%) components, respectively. The lake balance with and without mine input is displayed in pie charts below (Figure 9 ).
Water management
Figure 8 Simulated potentiometric contours (m AHD) for Lake Stockton under steady state conditions
Figure 9 Relative percentages of lake water balance components for steady state conditions (a) current conditions; (b) ceased mine water input
3.2
Lake level results
Steady state
The steady state model resulted in a lake stage of 194.3 m AHD, which compared well with the set initial lake stage of 194.4 m AHD (average field measured levels for 2016-2017). When mine water was omitted from the lake inputs, the model predicted the lake level to be 190.6 m AHD in steady state conditions. This represents a 3.7 m decrease in the initial lake level. The magnitude of water level decline is substantial and highlights the current lake water balance dependence on mine water discharge.
Transient
As rainfall and evaporation were identified to be key water balance components, the coupled groundwater-surface water model was run under transient conditions to investigate seasonal variations.
Using modelled heads and the simulated lake level from the steady state simulation as the initial conditions, the system was simulated under transient conditions in 12 (monthly) stress periods (360 days). Long-term monthly average precipitation, evaporation, and runoff were input into the model, with storage parameters given in Table 2 . Calibrated steady state groundwater heads and lake levels were used as initial conditions. Six time-steps were used with a geometric progression of 1.2 per stress period. Lake levels fluctuated and deviated from the steady state lake level as shown in Figure 10 .
Figure 10 Simulated seasonal lake stage fluctuations for Lake Stockton
Transient simulation suggests lake levels will reach a pseudo-sinusoidal steady state with fluctuations between 190.44 and 190.71 m AHD. The model forecasts 0.3 m seasonal variation illustrated in Figure 10 . Lake Stockton naturally has up to 1 m seasonal variations (based on 2016-2017 measured data), whereas the model only accounts for approximately 0.30 m seasonal variation. This could be attributed from long-term monthly averages in rainfall and evaporation used in the transient simulation, however only two years of lake data was considered. Cheng & Anderson (1993) observed a similar result and suggested it could possibly be due to the flow system not reaching a dynamic cyclic steady state during the 12 stress periods (Anderson & Woessner 1992) .
Regardless of the seasonal fluctuations, the transient results suggest average lake stage would decline between 3.6 and 3.9 m from the modelled steady state level. This estimated lake stages from the transient model are very similar to the steady state outcome. The time in which the lake will reach its lower steady state level was not estimated in this study but is likely to be within 10-30 years.
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3.2.3
Sensitivity analysis
A sensitivity analysis was conducted post-predictions to assess how specified parameters influenced modelling results. Due to the shorter run time, the sensitivity analysis was undertaken in the steady state model. The main parameters considered were recharge and lakebed conductivity. Model values were doubled and halved to quantify the uncertainty in model predictions. It was expected that the selected magnitude in modification represents the maximum uncertainty in parameter values. It is unlikely model parameters would vary greater than this range as they were based onsite measured parameters quantified in prior studies. Sensitivity was quantified with residuals in water table elevations predicted in the steady state model in monitoring wells used for calibration and the predicted lake stage of 190.6 m AHD at Lake Stockton. The sensitivity analysis suggested model results could vary by 0.6 m from the steady state result.
Discussion
Study outcomes
Summarising the local hydrogeology and physical characteristics of Lake Stockton has not previously been undertaken and this study provides a foundation for future research. As mentioned previously, the Stockton Ridge influences groundwater flow to Lake Stockton (Zhang et al. 2007 ), although the northern extent of this basement ridge is unknown. Knowledge of its extent would assist in further conceptualising this area. This study highlights the need for further studies to understand the connection between the sub-basins.
Model simulation of the lake level with reduced Ewington discharges should be regarded as semi-quantitative due to inherent uncertainties in input datasets, limitations in transient calibration and in understandings of lake processes, such as climatic interactions and groundwater flow characteristics (Castendyk et al. 2015) . Despite this, the coupled groundwater-surface water flow model still allows us to investigate groundwater inflow and how Lake Stockton's levels may change in future, based on the current and estimated future potential lake water balance.
Pit lake modelling for Lake Stockton was impeded by limited available site hydrogeological data and water balance components particularly, lake evaporation rates. To better validate the model and increase its accuracy, ongoing calibration of the model to the current site data would help identify areas in the model that may need improvement. Further investigation on the following would improve model results:
• Hydraulic characteristics of the Nakina Formation aquifer.
• Limited monitoring well data for calibration to the east of Lake Stockton.
• Thickness and conductivity of lakebed sediments.
• Further investigation on the influence of surface runoff on lake results.
• Extent, direction, and conductivity of underground workings.
• Account for a decrease in winter rainfall and catchment runoff from a drying climate, which is likely to be significant.
This study suggests that longer term impacts of non-supply may reduce lake water levels by about 3.7 m. A sensitivity analysis indicated that lake stage predictions are sensitive to model parameters, however, within the likely parameter ranges, the decline in the lake level is expected to be at least 3 m or greater than 4m.
Future management options for Lake Stockton
There is limited literature on the suitability of pit lake water depth and safe access for recreational use as pit lakes are often reviewed on a case-to-case basis and pit lake water quality is often a greater concern for recreational lakes. Pit lakes are also often large and deep enough that the pit lake is clearly suitable for recreation. However, Lake Stockton is relatively shallow compared to other pit lakes. The future declining
Modelling the long-term water balance of a pit lake with recreational end uses AM Carlino & CD McCullough water level will further expose steep pit walls, creating abrupt drop off points and limited shallow margins, increasing the risk for physical injuries, potential falls, or drownings and need to be rehabilitated to enable safe recreational use (McCullough et al. 2009 (McCullough et al. , 2018 Hinwood et al. 2012 ). The exposed sandstone material of the pit walls is strong and a fall in water level of 3-4 m is understood to be unlikely to significantly alter the geotechnical integrity of the high walls.
Where steep pit walls are exposed, it is suggested public access to be obstructed or appropriate rehabilitation to be undertaken. Safe areas for access to the lake should be identified or created if the recreational use is to be continued.
There is currently no minimum water depth requirement for recreational boating or water skiing specifically for pit lakes. Nevertheless, Collie Basin pit lakes are considered navigable waters under the Navigable Water Regulations 1958 (NWR) (Government of Western Australia 1958) as they are waters within Western Australia where a vessel or marine craft can be navigated. According to Regulation 48 of the NWR, "a person shall not, in any navigable waters, drive a motor boat at a speed exceeding 8 knots, water ski or para-sail in any water with a depth of less than 3 metres; or within 50 metres of the water's edge".
Based on the criteria for recreation in Western Australia navigable waters, the predicted decline in water level will still provide some area required for recreation. The predicted water level after dewatering cessation and the suitable recreational area that meets regulation is illustrated in Figure 11 . The suitable recreational area would reduce based on the minimum depth criteria of <3 m and a 50 m cut-off distance to the pit walls. The recreational area would be reduced by 17% with an area loss of 11,580 m 2 and approximately 2-30 m around the recreation area perimeter. Potentially, these deeper areas could be marked with, for example, buoys as a guide for users to delineate the allowable skiing area. 
Conclusion
Maintaining the recreational functionality of Lake Stockton is expected to continue to provide benefits for the Collie community (McCullough et al. 2009 ). Providing space for active and passive recreation provides growth for communities in regional areas and assists small towns to survive economically when mining ends. These benefits rely on a certain degree of ongoing lake management to minimise exposure to steep lake walls and the potential for physical injuries.
The methodology employed in this study can be applied to other pit lakes in the Collie Basin, given that the coupled model allows investigation of the impact of groundwater-surface water interaction on lake water balance despite limited data available.
